This paper presents numerical analysis on size effect in shear strength of RC beams, and its mechanism accompanying diagonal shear cracks is discussed. It is shown that the tensile stress transfer through bond mechanism and the strain-softening in both tension and shear associated with fracture energy are the main points which cause the size effect. A spatially averaged continuum constitutive model which covers the reinforcement-confined concrete and plain one is proposed for simulating unstable propagation of diagonal shear cracking.
INTRODUCTION
The shear behavior of reinforced concrete members is an important topic of structural engineering research and a concern of engineers as the shear failure of concrete structures occurs suddenly, and lead to catastrophic failure. In order to capture the shear performance many efforts have been made in experimental and analytical studies. Numerous experimental results1)-3) have shown that the shear capacity of reinforced concrete beams without stirrup is significantly influenced by member size, that is, the nominal shear strength of a reinforced concrete member will be gradually reduced as the beam depth increases. This is called size effect on shear strength of reinforced concrete structures. In recent years, the scale of concrete structures has been becoming larger owing to the advances made in materials, design and construction technologies as well as scale-up economical performance of infrastructures such as energy facilities5). The computation for these large scale reinforced concrete structures is also needed to investigate the size effect in shear strength. Development of this kind of numerical tools should be based on the correct understanding of the mechanism of size effect.
Size effect in shear strength of RC members has already been observed very clearly according to huge amount of experimental evidences. The experiment carried out on large reinforced concrete beams without shear reinforcement has examined that the size effect in shear strength exists in beams even when the depth reaches as large as 3 meters4). There are some studies whose focus is addressed to design code on size effect5), and the numerical simulation was tried. Here exists a summary6) of the analysis on size effect experiment having the beam depth ranging from 10cm to 300cm. The analytically and experimentally obtained relationships between the applied load and the displacement at the center of the span of a specimen are shown in Fig.1 .
Significant differences among each analysis method can been seen. The result predicted by Aanalysis gives extremely higher stiffness as the tension softening is neglected. The stiffness predicted by some analysts tend to agree with the test result but the failure load is overestimated7). One tendency in these computational results is that the predicted failure shows bending mode after the yielding of longitudinal reinforcing bars, but the reality is that the specimens failed in shear before the yield of main bars. The discussion on these analytical results makes it clear that the tension softening is an important factor for predicting the shear behavior of the RC members, especially the propagation of diagonal shear cracks. The factors which affect the failure mode and the capacity should be investigated.
In order to reproduce the size effect in numerical simulation and to predict the shear failure of RC members correctly, it is necessary to make clear what sources cause the size effect and how they affect the member behaviors. The mechanism of plain concrete size effect has been investigated in view of the fracture energy. By using the tension strain-softening model based on fracture energy requirement11),13), the size effect of plain concrete members is reported to be explained successfully.
But, when we further challenge the size effect of RC, the existence of reinforcing bars and the concrete stress transferred by bond mechanism have to be considered. In this paper, these expected sources which influence the shear behavior of reinforced concrete members without shear reinforcement are examined in order to simulate the shear behavior of members with different sizes.
MECHANISM OF SIZE EFFECT
The size effect has been explained by several mechanisms such as the randomness of material strength causing the fact that in a larger structure it is more likely to encounter a material point of smaller strength8) or the aggregate interlocking action affecting the shear strength while the interlocking action is reduced as the member size increases2). Later, the randomness of strength has been proved playing only a negligible role in most situations9) and the aggregate interlocking action becomes small as the depth of a beam is larger than 100cm10). The size effect of concrete can be properly explained by the energy release caused by microcrack growth11), and the tension-softening characteristics of plain concrete is regarded as the core factor for the size effect of concrete members.
But for dealing with RC member as shown in Fig.2 , the spatially averaged mechanical property of concrete near or far away from the reinforcement is supposed totally different as the concrete confined by steel bars will show stable stress release beyond cracks owing to the bond affecting either tension or shear. The concrete outside the bond effective zone is supposed the same as plain concrete, showing sharp strain-softening feature as the tensile stress is transferred only through the bridging action at the crack surface. In order to fully understand the mechanism of size effect of RC members, the other factors such as the bond effect of reinforcing bars and the shear softening of plain concrete should be investigated carefully, as these factors are thought to affect the shear behavior of RC members.
(1) Tension softening of plain concrete
The fracture front blunting by the large size of microcracked zone has been raised12),13) as a form of fracture mechanism of concrete. The progressive microcracking in the fracture process zone may be described by a triaxial stress-strain relation that exhibits strain-softening with a gradual reduction of maximum principal stress to zero (Fig.3 ). The energy consumed per unit advance of the crack band, called the fracture energy, may then be expressed as 12),
where, 6t E is the normal mean stress and mean strain defined in the crack; Gf is the fracture energy and wc is the crack width. Here, to separate the size effect from other influencing factors, the geometrically similar concrete panels are studied as an example. Two panels of different sizes are assumed to have a weak spot in the middle of the left side, from which fracture originates (Fig.4) . The fracture front may be considered in the form of a crack band of a certain width, an constant related to the material, independent of the structure size. Formation of a crack may be imagined to release stress and the initial strain energy of density from the cross-hatched area in Fig.412 ),13) when the fracture extends by a certain length, the initial strain energy that is released into the fracture front comes from the black strip of the horizontal dimension. It is instructive to note that in a larger structure the energy that is released to the fracture extension is larger if the load level is kept the same, because the energy is released from a larger zone. Therefore, the load level for a larger structure must be less so that the total energy release would remain the same. This is one of the size effect that nominal failure stress becomes smaller when the scale of the concrete structure becomes larger.
The numerical method for size effect simulation can be done by adjusting the strain-softening curve according the element size based on the fracture energy balance (Fig.5) , as in the finite element computation, the crack width is replaced by element reference size. In this case, the cracked band is assumed localized in a element and adjacent ones are to be unloaded. ( 
2) Bond effect of reinforcing bars
The bond effect of reinforcing bars is thought to affect the overall characteristics of concrete surrounding steel bars (Fig.6) . The bond between the reinforcing bars and concrete will enable some tension to be transferred from the bars to the concrete. This effect makes concrete capable of supporting a part of tensile force even after cracking has taken place in the reinforced concrete. Fig.6 shows that even though the concrete ceases to support the tensile force at the crack section, the concrete continues to bear the part of the tensile stress transmitted from the reinforcing bars through the bond action. This makes the stiffness of the reinforced concrete remain higher than that of the reinforcing bars alone. The additional stiffness can be considered as coming from concrete. When the spatial average stress and the average strain relationship of concrete is constructed, it can be Average strain normal to cracks Micro mechanism of bond effect 15) found out the concrete inside the bond affecting area will show gradual and stable stress release which is independent of the size of cracked concrete area unlike the sharp strain-softening popular to plain concrete16),30) The difference of concrete mechanics near or far from reinforcing bars should be taken into account by considering at ,least two different zones in RC members, one for the concrete near the steel bars, and showing tension-stiffening behavior (called as RC zone), and another one for the concrete outside the RC zone showing strain-softening behavior (called as PL zone). As the size of the RC zone is considered to be decided by the bond effect, which is related to the diameter and amount of the steel bar, and as the diameter of the steel bar will not always increase proportionally with the scale of the member, the size of the RC zone will not always increase proportionally with the scale of the member. Usually for a very large beam the ratio of bar diameter to depth of the beam is less than that of a smaller member, so the bigger beam will have a relatively smaller RC zone (Fig. 7a) .
Then, even though the geometrically similar propagation of cracking would be reproduced in both small and large beams, the crack front mechanical conditions with respect to the energy release are different due to non-proportional territory of plain and reinforced concrete. This non-proportionality can be one of sources of size effect, too.
As the concrete in RC and PL zones has different behaviors on mean tension stress-strain relation, once the cracks propagate into a finite element, the normal stress release will be much higher if this element is in the PL zone. In this case, the neighborhood elements are more easily cracked owing to the higher normal stress releasing (See Fig. 7b ). On the contrary, when the crack front would remain in RC zone, small tensile stress release due to mild softening would provoke less nonlinearity in adjoining elements. So in the computation, the cracks in RC member with relatively smaller RC zone may develop rapidly (Fig. 7b) .
(3) Shear softening of plain concrete For concrete surrounding reinforcing bars, the shear stiffening characteristics along cracks was observed when analyzing the mean behavior of concrete in shear and steel bars5). Then, element-size sensitivity to the shear stiffness is neglected. But for plain concrete, it will lose shear transfer capacity and exhibits the softening and fracturing. In some researches32), this shear softening is obtained by decreasing the shear stiffness as a function of the strain normal to crack (Fig. 8a) . This is based on the fact that the interlock of aggregate particles diminishes with increasing crack opening. The studies on mechanism of stress transfer across cracks in concrete27),28), 29) show the shear softening is also a function of shear displacement along the crack (Fig. 8b) . The unstable shear failure can only be simulated with understanding of shear softening based on normal and shear displacements. As the same story on tension softening, the energy release rate when the shear crack is developing will be approximately constant with a lower load level for larger structure. Therefore, in a larger concrete structure, the shear crack may propagate quickly than the smaller one and the unstable shear crack may occur more suddenly.
PROPOSED MODEL FOR CONCRETE IN RC ZONE AND PL ZONE
Constitutive models are proposed to simulate shear size effect by finite element method for engineering purpose. The smeared model is used for cracked concrete with the fixed multi-directional cracks and all the stress-strain relationships are based on the spatial average stress and average strain of concrete defined in finite elements. Here, the consistency in terms of fracture energy in mode I is discussed.
(1) Cracked concrete model in RC zone16)
The reinforced concrete model has been constructed by combining the constitutive law for concrete and that for reinforcing bars (Fig.9 ). The constitutive law adopted for the cracked concrete consists of the tension stiffening model, the compression model and the shear transfer model.
Once cracks are generated in the concrete, the anisotropy becomes significant so that the stressstrain relationship takes on an orthogonal anisotropy along crack direction. The stress-strain relations can be modeled respectively in the directions parallel as well as normal to cracks and in the shear direction.
Owing to bond of concrete to the reinforcing bars, the concrete continues to support a part of the tensile force even after cracking has taken place and been distributed in a reinforced concrete, as mentioned in the previous section. In order to consider the influence of bond effects, the relation between the average stress and average strain of concrete is given as the tension model for cracked concrete. This tension model shows tension stiffening because of taking account of the stress transferred from steel bars by bond effect.
The tensile model of cracked concrete with tension stiffening can be described as the following16) (see Fig. 10 ). (2) where, 6t: mean tensile stress normal to cracks, f: tensile strength of concrete, Et:tensile strain normal to cracks, Eto: cracking strain of concrete, c: stiffening factor. Different bond characteristics can be modeled by changing the sharpness of the tension-stiffening curve. For example, the constant c which describes the sharpness of the stress release can be set 0.4 for ordinary deformed bars and 0.2 for welded wire meshes 16) This constitutive law for reinforced concrete derived for a control volume of 30-50 cm sized concrete element with distributed cracks is independent of crack density and crack numbers owing to the trade-off mechanisms among these effects30). It is proved that in the case of normal concrete and two-way reinforcement with the ratio over 0.1% up to 2%, this two dimensional constitutive law is independent of the size of the control volume. This cracked concrete model is rather simple as the mean behavior of the cracked concrete is unrelated to the spacing of cracks, the direction of reinforcing bars and the reinforcement ratio without any size sensitivity30). Cracks do not appear even just after the stress generated has attained its cracking stress, but there is a certain amount of plastic deformation. This has been expressed in the present model by assigning the tensile cracking strain that is twice as much as the tensile strain for the tensile strength of concrete.
The shear model of cracked concrete in RC is based on the contact density idealization18) and ignores the elastic component in the deformation at contact crack plane. The model gives the shear stress in terms solely of the shear slip to crack width as, where, ti: mean shear stress, y: mean shear strain, G: secant shear modulus as, G shear modulus of uncracked concrete, Gsr intrinsic shear modulus due to cracks as, E t: tensile strain normal to crack plane, fst: intrinsic shear strength (fst=18fi1/3:kgf/cm2)24). In this model, the shear stress is normalized by the intrinsic shear strength as shown in Fig. 11 . It was mathematically and experimentally proved that the shear stiffness of cracked concrete zone is not affected by the crack spacing and density18). It means element-size insensitivity of shear behavior along cracks in RC zone.
(2) Effective size of RC zone
The effective size of RC zone will be an very important factor for size effect computation. Different size of RC zone in an analysis domain may have effect not only on the stiffness of member after cracking, but also the failure mode which will be changed from shear to bending as the size of RC zone increases. The effect of RC zone will be verified later in this paper.
The size of RC effective zone is related to the bond effect of reinforcing bars and should be decided by the bond characteristics. There are many researches about the bond strength and bond-slip relation between steel bar and surrounding concrete, and the area of effective embedment zone of concrete is given as a function of steel bar diameter. Fig. 12 gives an example of the definition of the effective embedment zone for computing the crack width of RC flexural members14)
When the area of the concrete surrounding a certain steel bar is becoming larger, the steel bar yields earlier after a crack is formed. Here much stress carried by concrete will be transferred to the steel bar (Fig.13) . In one critical case, if a reinforced concrete member that is subjected to tension contains only a very small amount of reinforcement, the reinforcement crossing the crack yields just after cracking and most deformation will be rooted in this single crack. This is a critical point whether the adequate crack control capability with several cracks can be obtained or not.
When the first crack occurs, tension must be transferred from concrete to the reinforcement, resulting in an increase in steel stress at the crack section. If the area of concrete is too large, the stress increase will be about equal to the yield strength of reinforcement. Hence, for one certain steel bar, the 
where, AS: cross-sectional area of steel bar, Acmax: maximum area of bond effective zone in concrete, fy: yield strength of steel bar. In two dimensional computation, it is more convenient to use the relation between RC zone height as shown in Fig.13 and steel bar diameter as, (5) where, h max: the height of RC zone, Amax=hmax2, db: diameter of reinforcing bar.
The height of RC zone calculated by Eq.(5) indicates the maximum size of RC zone. The height used in computation may be smaller than this value according to the arrangement of steel bars.
The formula above shows the RC zone size when the cover concrete is thick enough to provide the sufficient bond effect. There is a tensile stress ring in the concrete which balances the concrete radial components of inclined compressive strut forces (Fig. 14a)19) . If the cover concrete is not thick enough, the ability of a deformed bar to transfer its load into the surrounding concrete is typically limited by the failure of this tension when the concrete cover is splitted (Fig. 14b) .
In this case, the ultimate local bond strength is governed by the resisting capacity against entire splitting of the concrete cover. The experimental studies to confirm the cover effects in the longitudinal splitting crack formation were conducted.20),21) Some results of the relation between bond strength and the specific cover are shown in Fig.15 . The bond strength decreases as the concrete cover decreases. So in the case of insufficient cover, the formula in Eq. (5) should be factored by K, which is a empirical function based on test result21) as, (6) where, K: cover thickness effect factor, K=O when t <db and K=l when t>6.5db, t: the thickness of the concrete cover.
In the two dimensional finite element computation, it ois needed to decide the height of RC zone including steel bars with different kinds of arrangement. The basic rule is that the height of RC zone is decided by the diameter of each bar. If a bigger bar is used, the RC zone is larger (Fig.16a) . In the case where more than one layer of steel bars are used, the RC zone should be calculated according to each layer.
When RC zones overlap with each other due to dense arrangement of bars, the overlapped area is simply treated as a part of RC zone in principle. No double account of area is made since tension stiffness of cracked concrete in RC is found independent on the reinforcement ratio 30)
Another extreme case is that the steel bars are placed away from each other. In this case, the size of RC zone may be smaller than the one computed from Eq.(5), as the steel bar can not control the crack distribution in the whole volume of concrete in the section (Fig.16b) . The hight of RC zone used in computation is hereafter proposed as,
where, he: modified height of RC zone, n: number of steel bars, b: thickness of RC member. When the bars are very small or far away from each other, the modified height of RC zone will be too small for finite element discretization. It is needed to consider the situtation that one element contains both RC and PL zones. The stress-strain curve of this element with mixed zones can be decided by solving the coefficient cm from the following equation of fracture energy balance as, (g) where, a RC=6r (Er;0.4or0.2) as defined in section 3
(1). 6PL=at (et;cl) pwhere cpl will be defined later, le: height of the finite element.
(3) Cracked concrete model in PL zone
As discussed above, the cracked plain concrete shows strain-softening characteristic in tension and shear comparing with the concrete confined by reinforcing bars. The stress-strain curve is decided with respect to the fracture energy and the crack band width12). The crack band width in computation becomes the reference length related to the element size. The fracture energy is treated as a material property and needed to be kept constant regardless of the element size. Some typical shapes of tension softening curve22) are shown in Fig.17 . Based on the fracture energy balance, the stress-strain curve defined in a element needs to be modified according to the element geometry. Within the scheme of smeared crack approach, total fracture energy performed in an element is equal to the product of element volume and the specific fracture energy (shaded area in Fig.18 ) associated with the averaged stress-strain relation. As tensile fracture is highly anisotropic, consumed fracture energy and the reference length as shown in Fig.5 are related to the direction of crack propagation and the element geometry.
As a matter of fact, crack propagating directions may be arbitrary in the analysis of RC beams with flexural as well as diagonal shear cracking. But, in the case of circular elements, the length is constant regardless of the crack orientation. Then, the authors provisionally adopt the square root of the element area as an averaged referential length. The validity of this assumption for beam analysis case will be checked with different shapes and sizes of elements in later section. The rationality of this assumption should be examined in future for other engineering problems (lr is defined as the square root of the element area). There are several ways to decide the shape of tensile stress-strain curve which satisfies the coherency of the fracture energy. The plastic zone of the applied tension model in Eq. (2) was decided so that the capacity of plain concrete beams in flexure can be simply obtained.16),34) The following descending portion may influence the load bearing of plain concrete. In this analysis, however, softening curve under the higher straining of element was found not to be sensitive to the shear capacity of RC beams, because bending cracks in which larger opening strains may occur is mostly included in RC zones with coupled high stiffness of reinforcement. In the proposed model of the authors, the same functional formula with the tension model of cracked concrete in RC zone is used for simplicity and consistency in computation. The stiffening factor will change with the element size by getting the constant fracture energy. Fig.18 gives a series of tensile stress-strain curves for the computation of beams with depth varying from 10cm to 300cm which will be used in size effect analysis in later section.
In this study; the tensile fracture energy used in analysis was specified by using CEB-FIP model code (1990) equation written in Fig.18 . For deciding the aggregate size related factor af, Wittmann's test35) was referred.
In the process of diagonal shear failure of RC members, shear mode fracturing model along a propagating crack band is thought to be influential. Lim, et al. reported36 ) that the sliding shear fracture energy in softening region is consumed partly in terms of plastic frictional mode dependent on the normal confinement and, to some extent, absorbed by the damaging of shear band which accompanies the unrecoverable reduction of stiffness. Bujadham et al.
proposed an enhanced contact density model36) for a single crack stress transfer which is derived from a coupled fracturing and plasticity at contact planes of two crack faces.
These researches signify that shear fracture energy of plain concrete is not unique unlike the tensile fracture of crack band, but highly dependent on the crack opening or normal confinement like stable cracks in reinforced concrete30). At the same time, the averaged shear stress-strain relation along a crack band has to be adjusted by the element size and shapes in terms of shear fracture energy. Because, the shear fracturing is also localized and coupled with mode-I tensile fracture. The shear fracture model of plain concrete band is a mixed mode feature and to be governed by both the crack opening, similar to the stress transfer model for RC, and an element size as is the case of tensile fracture model for PL zone.
In this study, a simple shear fracturing model which satisfies the above requirement for plain concrete is employed by combining the stress transfer model for cracks in RC zone and the energy balance requirement in shear as shown in Fig.19 . In the ascending portion, Eq.(3) can be applied. When the shear strain exceeds the ultimate shear limit, softening branch is assumed. Regarding the shear softening rate is concerned, Lim et al. reported the experimental data and damage modeling under the constant compressive confinement36) But, data is hardly available for mixed shear fracturing and crack opening except for Bujadham's experiment, which may be actualized in the shear failure of reinforced concrete. Then, the authors provisionally assume the same rate of softening as that of the tension fracture. The assumed shear fracture modeling of simplicity regarded as a rough equivalence to Bujadham's proposal and its contribution to the shear capacity of members will be examined through the sensitivity analysis in later chapter. On this matter, further investigation is strongly recommended. Now, the proposed model for shear behavior can be summarized as the combination of cracked concrete model in RC zone and PL zone, based on the RC zoning method. In the FEM computation, the whole RC member is divided into both RC and PL zones. In each zone the suitable strain-stiffening or strainsoftening model is to be adopted.
VERIFICATION OF PROPOSED MODEL
Shear failure of RC beams is simulated in use of the proposed computational model. And the flexural response is checked for specially designed beam for experimental verification of the RC/PL zoning method proposed in the previous chapter. In this study, FEM program WCOMR17) including the concrete model proposed was used for verification.
(1) Flexure of RC beams
In order to check the definition of the size of RC zone proposed in Chapter 3, a specially designed beam was made. The beam was reinforced only in the top half and the rest half part in the bottom was kept as plain concrete (Fig.20) . The beam was designed so that it fails in bending mode and diagonal shear failure is prevented by heavily arranging the web reinforcement.
In the computation, computed yielding load is much elevated and far away from the reality if the model for concrete in RC zone is applied to the entire volume of the specimen. Fig.21a shows the comparison of the test and the computational results which derive from the proposed model on zoning method. The yield load is correctly predicted in the finite element computation. The specimen shows very good ductility after yielding of longitudinal reinforcing bars and the crush of concrete in the top extreme fiber. This ductility comes from the good confinement by heavily reinforced web bars. For ductility, 3D computation is indispensable and will be reported in future.
The crack pattern obtained by the computation is shown in Fig.21a . A crack line does not indicate a point-wise information, but it represents the blunt area which Gauss integration point in an element numerically covers. As 2nd-order quadrilateral isoparametric elements with 3x3 integration points are used as shown in Fig.20, 9 crack lines can be drawn inside when a RC element is under tension nonlinearity such as bending cracking zones. Here, crack spacing is not computed and in fact, not necessary for mechanical simulation of RC domains. Of course, the graphical spacing of adjacent crack lines does not make any information. It has to be noted in smeared crack approach that the graphical image of crack patters does not coincide with the geometrical reality, but indicates the blunt information of stress release rooted in cracking, and mechanically sharp localization in a PL element is implicitly taken into account in energy balance consistency as discussed in Chapter 3.
In comparison with Fig.21b with the consideration above, coincidence of cracking is seen. The vertical cracks developed very rapidly up to the middle part of the specimen and then, the horizational cracks occured along the longitudinal bars.
The width of crack lines is drawn proportional to the strain normal to cracking. The cracks in the bottom part idealized by PL zones are less dispersed. A few vertical crack lines are thick, but adjacent crack lines are thin because the crack strain was oppositely decreased after the crack occurrence. This means localization of cracking fracture in PL zone. One more computation has been done for the prediction of imported bending test24). The experimental layout is shown in Fig.22 . This test was done for beams with low reinforcement ratio, and steel bars are only in the lower part of the specimen. The upper part shows the behavior of plain concrete. The computational and experimental results are shown in Fig.22 .
The verification of the RC/PL zoning method will be also checked in terms of shear failure in the next section.
(2) Shear experiment of RC beams
In order to confirm that the proposed model may predict the shear behavior of RC members, some experiments of beams in shear were used as a target of interest. Not only the shear capacity but also the crack propogation will be checked to make sure that the program can simulate the unstable crack propagation of diagonal shear cracks.
The first series of beams in shear includes 5 beams which failed in shear mode1),33). Beam No.1,2,3 were tested by Leonhardt and Beam No.4,5 were tested by Kani. The depth of the beam varied from 7cm to 109.5 cm. Fig.23 and Table 1 show the layout and data of the experiment. The computational and experimental ultimate loads are compared in Table 1 . First, it can be seen that the use of the proposed cracked concrete model brings about the correct shear strength.
In Fig.24 the computed cracking pattern is shown to clarify the failure mode. Fig.24a gives the crack pattern at the load step just before failure. In this figure, just bending cracks can be seen. Fig.24b gives the crack pattern at the failure step. It can be seen that in the final step, some cracks developed suddenly in the middle and upper parts of the beam near the load point. These new developed cracks are inclined ones typical to shear failure. In order to see more clearly where the failure takes place, only the cracks which developed in the last step are drawn in Fig.24c . The additional cracking of the final step at the iterative process, that is associated with the unstable equilibrium under constantly fixed applied load, is thought to be a sequential trace of crack propagation in a blunt but localized area. The suddenly developed inclined shear cracks which cause the failure of this beam can be observed.
Another series of experiment for shear behavior is taken from Ref. 25 , which reports two beams without stirrups. One of the beam has longitudial reinforcement only near the top and bottom faces, while the other has longitudial reinforcement distributed over the height of the beam (Fig.25) .
The experimental result on ultimate shear force is 200kN, for the case with reinforcement only near the top and bottom faces and for the one with distrubted bars, is 312kN. It can be seen clearly that the reinforcement in the centeral part increases the shear capacity so much as the concrete in the central part can fairly transfer tension owing to the reinforcement. This is also an evdience that how much tension and shear softening of plain concrete affect the shear behvaior of RC members. In computation, the ultimate load for these two cases are 196kN and 294kN. They are close to experimental results (see Fig.26 ).
The crack pattern comparision of these tests is shown in Fig.27 . The existence of reinforcing bars in the middle part of the beam is capable of controling cracks and the computation can follow this difference of crack pattern reasonably.
(3) Varying size experiment on shear strength of RC beams Here two series of size effect tests on shear strength of RC beams without shear reinforcement are used. One is deep beam with depth from 16cm to 96cm, and the other is the beam with depth varying from 10cm to 300cm. The experimental layout and dimension of the deep beams26) are shown in Fig.28 . The common mixture of concrete was used for these different sized short beams. The maximum coarse aggregate size was 16mm. In all the tests the slenderness ratio was equal to 1:1. The reinforcement ratio was approximately 1.1% so that they are all over-reinforced in bending. The thickness of all the specimen was 25 cm. The depth of these beams are 16cm, 36cm, 56cm, 74cm and 93cm.
In Fig.29 the shear strength of these beams is represented as a function of the effective member depth. It is shown that the ultimate bearing capacity has a strong size dependence. But the large beam has already failed. It can be seen that the path-dependent analysis can simulate this size effect in crack propagation. In computation, no compressive softening occurs, but the unstable propagation of diagonal cracking rules failure of the short beams used in the analysis. The other series of size effect experiment is for large RC beams4) without shear reinforcement having different effective depth, 10cm, 20cm, 60cm, 100cm, 200cm and 300cm as shown in Fig.31 . The ratio of loading span to effective depth is 12. The specified properties are listed in Table  2 . The main reinforcement ratio in the vicinity of support points where shear failure would occur is taken to be 0.4%. The reinforced concrete beams without shear reinforcement was analyzed using the same program WCOMR, in which the discussed models are adopted. Fig.32 shows the load-deflection relation for analytical and experimental results of specimen
It can be seen that, for specimen No.3, No.4, No.5 and No.7 the analytical results are close to the experimental ones. But for specimen No.l and No.2, the computed capacity is lower than the experiment. In fact, the tested capacity for these two small beams is much higher than the bending capacity which is computed by RC beam theory of plane cross section. It is guessed that the loading membrane made of rubber would act as fiber resistant component attracted to the extreme top fiber of concrete. As for the small beam with depth less than 20cm, the stiffness of 1-2cm thick rubber might not be neglected. Fig.33a shows the crack pattern of specimen No.3. The short lines in the computed crack pattern picture are not associated with individual discrete cracks. They represent the smeared cracks, whereas the thickness of line indicates the magnitude of normal strain corresponding to the opening of cracks, and from the direction of the lines crack orientation can be distinguished.
It can be seen that the computation exhibits the shear cracks almost at the same place as the experiment and the crack opening is larger near the right side of support. In both analysis and experiment, transitional displacement at the right support is specified as being free and the left one is fixed. In any case of computation, diagonal shear failure takes place at the side having the roller support (See Fig.30 ) owing to stationary energy release. In order to confirm the failure mode and location, as introduced above, the cracks which developed at the final step is also shown in the figure. It shows that the program can simulate the unstable shear crack propagation and failure successfully. Fig.33b shows the good coincidence of analytical and experimental results on the nominal shear strength and the size effect. This agreement ascertained the validity of proposed cracked concrete model and shows the capability of the program WCOMR to predict the size effect on shear strength for engineering purpose.
(4) Mesh sensitivity study
As already stated in section 3(1), the concrete model in RC zone is independent of the size of the control volume of concrete. The concrete model in plain concrete zone is adjusted according to the fracture energy balance in terms of the element size in computation. In order to examine the mesh sensitivity of finite element analysis, three different meshes are used for computing the Specimen No.7 in the size effect experimental series previously discussed. From Mesh A, B to C, the elements adopted are becoming larger (Fig.34a) , and the analytical results are shown in Fig.34b . It can be seen that the effect of mesh size is negligible and the computed shear behavior is successfully common. So, the proposed model offers the stable convergence of the shear capacity even when we further refine element meshes in analysis.
VERIFICATION OF THE SIZE EFFECT MECHANISM ON SHEAR STRENGTH OF RC BEAMS
As discussed above, the major mechanical sources of size effect on shear strength of RC members without shear reinforcement are assumed to be 1) tensile stress-strain softening described by the fracture energy law; 2) bond effect of reinforcing bars; and 3) shear strain softening of concrete along cracks. Here, some computation will be reported for verification of these assumptions and the effects of these sources will be discussed based on systematically arranged sensitivity study. The size effect tests with the maximum beam depth of 300cm is used here as the target. As the specimens No.1 and No.2 do not fail in shear mode in the test, only specimen No.3,5,6 and 7 will be analyzed.
(1) The effect of bond It has been discussed by many researchers that the tensile stress-strain softening based on the fracture energy may explain the size effect of plain concrete. But, how the bond can affect the size effect of RC is still a question. It is needed to study what kind of size effect would be derived if the bond effect or the tension-stiffening of the concrete in RC zone were ignored. Fig.35a shows the result of specimen No.3 when no RC zone is considered in computation but the plain concrete model is applied to the whole volume of the structure. It can be seen that the specimen would fail earlier than the test, and the stiffness is a little smaller. The computation for other three specimen is similar to specimen No.3. The ignorance of tension-stiffening rooted in bond mechanism is the cause of smaller stiffness and the associated shear softening brings about the premature shear failure.
Even though all calculated strengths for these four specimens are lower than the experimental ones, there is still a size effect tendency as Fig.35b . The size effect tendency can be shown closely as straight lines in logarithmic coordinates. It shows that the computation which adopts the proposed model and the zoning method gives the size effect close to the test result and the size effect sensitivity is sharper than the computation without considering the RC zone. If we do not take into account the bond effect in RC zone, the size effect and shear capacity become less (Fig.35b) .
The zoning method is also very important as different size of RC zone will give totally different result when simulating the experiment. The stiffness after cracking is obviously higher if larger RC zone is defined in the computation (Fig.36) . As the concrete in RC zone carries some load even after cracking, the yielding point is overestimated when the RC zone is decided larger than the reality.
(2) The effect of shear softening Another factor to be investigated is the effect of shear softening. In this section, the computation was done without shear softening. It means that the original contact density model18) without shear progressive softening was applied, and the Bujadham model was not used. In order to separate the shear softening effect on shear behavior of RC beams from other factors, all the other conditions, the tensile softening and bond effect in RC zone were kept the same as the proposed model.
The computational results of specimen No.3,5,6 and 7 are shown in Fig.37 . In the computation, the beam No.3 failed with shear mode, but much higher than the real case. Beam No.5 failed near the yielding point of main reinforcement, but still in shear mode and shear capacity also became higher. Beam No.6 and 7 failed in bending mode.
The first point we can get from these results is that the shear softening and shear stiffening affect the shear capacity alone. But it does not change the stiffness behavior and the yielding load of the RC member.
As pointed above, the larger member fails earlier as a fact of strain-softening based on the fracture energy law. This is also true for the shear failure. When the shear softening model for plain concrete is changed into stiffening model, the larger beam gets larger capacity and becomes more difficult to fail. At the same time, the size effect tendency becomes lighter. This can be found in Fig.38 . Approximately 20-25% of the shear capacity of beams is influenced by the shear softening feature of plain concrete crack band.
(3) The effect of shear transfer after cracking In this section, the effect of shear transfer after cracking is discussed. In the whole section of the beam, either RC zone or PL zone, if the shear transfer capability would be lost immediately after cracking, how the shear capacity and the size effect tendency be affected is the point of discussion. In the computation, all the other factors, i.e, the tensile softening and bond effect in RC zone, were kept the same as the proposed model.
The computed load-deflection relationships for the specimens No.3 and No.7 are shown in Fig.39 . It can be seen that the computed shear capacity decreased a little if the shear transfer was neglected. The results of the case when only the shear transfer of plain concrete zone was neglected are also shown in this figure. The difference is not so large because the RC zone is comparatively small in these beams.
The shear transfer on size effect tendency is shown in Fig.40 . We can see that when the shear transfer of the whole section is not considered in the computation, the size effect tendency becomes a little less. In the case of larger RC zone, the shear transfer will affect the shear capacity much. Here is an example of a beam whose entire volume is assumed as RC zone. Fig.41 shows the layout of the experiment. The computational results are shown in Fig.42 , comparing with the experimental results. In experiment, the beam finally failed in shear accompanying the yield of web reinforcement. In fact, the estimated bending failure load is about 300 tonf beyond the actual capacity. Form the comparison we can see that in the case of large RC zone, the ignorance of shear transfer after cracking brings, about the shear capacity much lower than the reality. As shown above, the proposed model may predict the size effect in shear of RC beams. The predicted size effect is proportional to d1/4, which is similar to the JSCE shear capacity equation31 as, V=0.9I(loopf)(d/100)-14,bwd (9) where, V: the shear capacity (kgf), bw: the member width, d: effective depth, p: the reinforcement ratio, f: compressive strength (kgflcm2).
In order to verify the proposed model on shear strength prediction, computation was carried out for a beam with depth 95cm (Fig.43) and the shear strength varying with different reinforcement ratio and concrete strength. The results are plotted in Fig.43 and Fig.44 . Here, the tensile strength used in Eq. (2) is estimated by the conversion equation16) from the compressive strength of concrete as shown in Fig.44 , and the tensile fracture energy is defined by the estimation included in Fig.18 . The predicted shear strength is proportional to p1/3 and f1/3. So, the computation has fair agreement with the JSCE code equation.
(5) The effect of axial stress on shear strength It is found that the axial force affects the shear strength of RC beams. The compressive axial force increases the shear capacity of the beam and the tension force has contrary effect. The effect of axial force can be simulated by FEM computation. The axial stresses acting on the beam are from 15kgf/cm2 to -15kgf/cm2. The other factors of the beam are kept constant in the computation.
The computation results are plotted in Fig.45 . It can been seen the shear strength of this beam changes with the varying axial mean stress. The shear strength is linearly changed with the variation of axial tension or compression stress, and the effect of tension stress is almost 2 times as the effect of compression stress. 
CONCLUSIONS
The mechanism of size effect on shear strength was discussed in this study. Tension and shear softening of cracked concrete based on the fracture energy and bond effect of steel and concrete are clearly and quantitatively regarded as the major sources which control the shear behavior and size effect. The computation shows that any of these factors cannot be ignored in simulating the size effect on shear strength of RC beams without shear reinforcement.
The model which combines the nonlinearity of cracked concrete in RC zone and plain concrete zone was proposed and adopted to FEM nonlinear analysis. The RC zoning method was discussed to decide correctly the size of RC zone in which cracks are dispersed owing to the stable stress transfer through bond mechanism. The computations for bending and shear tests show that the proposed model can simulate the shear. The FEM program using the proposed model was used to simulate the size effect of RC beams without shear reinforcement. The computational and experimental results were found to coincide closely. It has been verified that the proposed model can be used for predicting shear behavior and size effect in engineering purpose.
In this study, different sensitivity of apparent size effects was computed in accordance with the shape of beams, aggregate sizes, assumed material models, etc. In the next step, more clear understanding of the size effect sensitivity should be quantitatively sought.
Finally, it must be noted that the discussions herein are limited within the shear failure prior to yielding of longitudinal reinforcement. The post-yield shear failure and associated ductility will be discussed in future study.
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